Oxidative stress occurs when generation of reactive oxygen species (ROS) overwhelms antioxidant defenses. Oxidative stress has been associated with male infertility. The transcription factor Nuclear Factor-Erythroid 2-Related Factor 2 (NRF2) regulates basal and inducible transcription of genes encoding enzymes important for protection against ROS. We hypothesized that deletion of the Nrf2 gene causes testicular and epididymal oxidative stress, which disrupts spermatogenesis. Our results show that male Nrf2−/− mice have decreased fertility compared to wild type and heterozygous littermates, due to accumulating seminiferous tubule damage with increasing age. Testicular sperm head counts, epididymal sperm counts, and epididymal sperm motility in 2 month old Nrf2−/− males did not differ from wild type littermates; however, by age 6 months, Nrf2−/− males had 44% lower testicular sperm head counts, 65% lower epididymal sperm counts, and 66% lower epididymal sperm motility than wild type males. Two to 4 month old Nrf2−/− males had elevated levels of testicular and epididymal lipid peroxidation and testicular germ cell apoptosis, and decreased levels of antioxidants compared to wild type males. These results provide evidence that oxidative stress has deleterious effects on the testis and epididymis and demonstrate a critical role for the transcription factor NRF2 in preventing oxidative disruption of spermatogenesis.
Introduction
Reactive oxygen species (ROS) are formed by the sequential addition of electrons to molecular oxygen, forming superoxide anion radical, hydrogen peroxide, and hydroxyl radical. These ROS can damage important cellular components by reacting with lipids, proteins, RNA, and DNA. ROS are generated as byproducts of normal cellular processes such as oxidative phosphorylation and, in steroidogenic tissues like the testis, steroid synthesis [1] . In addition, some cells possess oxidases that enable them to generate ROS. Spermatozoa are thought to contain a membrane-bound NADPH oxidase that generates superoxide anion radical [2] [3] [4] . Low levels of ROS are necessary for sperm capacitation, the process by which sperm become capable of fertilizing an oocyte, and for the acrosome reaction, which enables the sperm to penetrate the zona pellucida of the oocyte and fuse with its plasma membrane [5] . To prevent the adverse effects of high levels of ROS, the male reproductive tract possesses antioxidant defenses, including vitamins C and E, the antioxidant tripeptide glutathione (GSH), and ROS scavenging enzymes, such as superoxide dismutases (SOD), glutathione peroxidases (GPX), and catalase [2, 4] .
Oxidative stress in spermatozoa is associated with male infertility, due to impairment of sperm motility and, at higher levels, decreased sperm viability [2, 5] . Spermatozoa are particularly susceptible to oxidative damage because their cell membranes contain large amounts of polyunsaturated fatty acids, which can be oxidized in the presence of ROS [2, 5, 6] . The decline in male fertility with aging is associated with increasing oxidative damage and decreased antioxidant capacity in the male reproductive system. Activity or expression of the antioxidant enzymes SOD and GPX and levels of the antioxidant tripeptide glutathione (GSH) have been reported to decrease with aging in the Leydig cells of the rat testis [7] and in rat spermatozoa [8] . Levels of superoxide anion radical and of lipid peroxidation were also elevated in Leydig cells and spermatozoa of aged male rats compared to young male rats [8] [9] [10] .
The Cap-N-Collar basic leucine zipper (CNC-bZip) transcription factor NRF2 regulates transcription of genes that have antioxidant response elements (AREs) in their promoters [11, 12] . NRF2 must form a heterodimer with other bZip transcription factors, the small Mafs, to bind to AREs [12] [13] [14] . AREs are found in the promoters of many Phase II biotransformation and antioxidant enzyme genes [13] , and mice that lack Nrf2 have reduced constitutive and/or inducible expression of these genes. For example, Nrf2 knockout mice have decreased expression of glutamate cysteine ligase catalytic (Gclc) and modifier (Gclm) subunits, which together form the rate-limiting enzyme in the synthesis of the antioxidant GSH, as well as of the second enzyme of GSH synthesis, glutathione synthetase [15] . Expression of NAD(P)H:quinone oxidoreductase, various glutathione-S-transferases, UDPglucuronosyltransferase, microsomal epoxide hydrolase, superoxide dismutase 2, and others are also reduced in these animals [15] [16] [17] [18] [19] . Nrf2 knockout mice are more susceptible to chemical toxicity, including cancer induction by the polycyclic aromatic hydrocarbon benz [a] pyrene [19] , ovarian toxicity by vinylcyclohexene diepoxide [20] , and liver toxicity by acetaminophen [21] , and to autoimmune diseases [22, 23] than wild type mice. However, the effects of Nrf2 knockout on male reproduction have not been studied. We hypothesized that male Nrf2 knockout mice would have an accelerated age-related decline in reproductive function due to decreased testicular and epididymal antioxidant capacity and resulting oxidative stress.
Materials and Methods

Animals
Nrf2 knockout mice were generated by disrupting the Nrf2 gene by homologous recombination in embryonic stem cells, using a targeting vector that results in deletion of part of exon 4 and all of exon 5, replacing them with a LacZ reporter gene [24] . Founder mice were backcrossed 8 times onto a C57BL/6NCrl genetic background. Experimental mice were generated by mating heterozygotes. Genotyping of tail or toe snip DNA by PCR was carried out as described [24] . The mice were housed in polycarbonate cages with wood chip bedding in an American Association for the Accreditation of Laboratory Animal Careaccredited facility on a 14:10h light-dark cycle with temperature maintained at 20.6-24°C. The mice had free access to deionized water and laboratory rodent chow (soy-free Harlan Teklad 2019, except during the continuous breeding assay, Purina 2500, a soy-containing diet, was used). Experimental males were group-housed with their male littermates after weaning (up to 5 mice per cage) unless they were used for the breeding study, in which case they were housed with a single female. The experimental protocols were carried out in accordance with the Guide for the Care and Use of Laboratory Animals [25] and were approved by the Institutional Animal Care and Use Committee at the University of California Irvine.
Fertility Assessment
We investigated the effect of lack of one or both alleles of Nrf2 on male fertility using a continuous breeding assay [26] . Beginning at two months of age wild type, Nrf2+/− or Nrf2−/− male mice were paired with wild type 10 week old female mice for 20 weeks. Cages were checked daily for litters, which were removed on the day of birth. Live and dead pups were counted and the live pups were weighed.
Effect of Vitamin E Supplemention on Age-Related Changes in Spermatogenesis
Nrf2−/− and Nrf2+/+ male mice were fed casein-based vitamin E deficient diets (Harlan Teklad TD.07168) supplemented with either the minimum daily requirement for Vitamin E of 32 mg/kg diet (as DL-alpha tocopheryl acetate, 500 IU/g) or 320 mg/kg diet from weaning at the age of 21 days until 4 months of age. Mice were weighed weekly, and the amount of feed consumed was recorded weekly. At the time of euthanasia, one testis and epididymis were processed for sperm counts, sperm motility, and sperm morphology. The other testis and epididymis were fixed for histology.
Testicular, epididymal, and renal histology
Testes and epididymides were fixed in Bouin's fixative at 4°C overnight, followed by washing four times in 50% ethanol, and storage in 70% ethanol until processing for routine histology, sectioning at 5 μM thickness, and staining with Periodic Acid Schiff and hematoxylin. Kidneys were fixed in 10% neutral buffered formalin for 24h, then stored in 70% ethanol until processing for routine histology and staining with hematoxylin and eosin. Histological sections from each animal were evaluated by a veterinary pathologist (G.L.) without knowledge of genotype. For quantification of seminiferous tubule defects, images of three testicular cross-sections were captured per animal. The total number of seminiferous tubule cross-sections was counted and each cross-section was scored for vacuolization and for rounded germ cells. The percentages of tubules with vacuolization and rounded germ cells were calculated and used for data presentation and statistical analyses.
Sperm analyses
Testicular sperm head counts, cauda epididymal sperm counts, and cauda epididymal sperm motility and morphology assessments were performed according to published methods [27] [28] [29] [30] [31] . The testis and epididymis were dissected, cleaned of adherent fat and weighed. The cauda epididymis was dissected from the corpus epididymis and vas deferens, weighed, and then rapidly minced in 500 μl prewarmed phosphate buffered saline (PBS) at 37°C. A 10 μl aliquot was removed and pipetted onto a prewarmed microscope slide for sperm motility assessment. Motile and non-motile sperm were counted in ten 400× microscope fields per sample as rapidly as possible after death of the animal. For the vitamin E supplementation study only, a 10 μl aliquot was removed, spread onto a slide, allowed to dry, fixed in 5% acetic acid in ethanol, and stained with 5% eosin Y for sperm morphology. The remaining minced cauda epididymis was incubated for 15 min at 37°C, allowing sperm to swim into the buffer. An equal volume of 4% paraformaldehyde in PBS was then added to fix the sperm, and epididymal sperm counts were enumerated using a hemacytometer. Testes were frozen on dry ice and stored at −80°C. For testicular sperm head counts, testes were thawed on ice, each testis was homogenized in 8ml of 0.9% sodium chloride, 0.05% Triton X-100 for 2 min at high speed on ice using an Omni Tissue Homogenizer and allowed to settle for at least 1 min. Sperm heads in the homogenate were counted using a hemacytometer.
Testosterone assays
Blood was collected by cardiac puncture after carbon dioxide euthanasia. Serum was separated by centrifugation after clotting at room temperature, and was stored at −20°C. The Coat-A-Count Total Testosterone radioimmunoassay kit from Siemens Medical Solutions Diagnostics (formerly DPC, Los Angeles, CA) was used to measure testosterone concentrations. All samples were run in duplicate in a single assay.
ELISA of double-stranded DNA (dsDNA) antibodies
Antibodies to mouse dsDNA were measured in serum using the Alpha Diagnostics (San Antonio, TX) Mouse Anti-dsDNA Total Ig Elisa Kit (Catalog #5110) according to the manufacturer's instructions.
Terminal deoxynucleotidyl transferase-mediated dUTP-nick end-labeling (TUNEL)
Nrf2−/− and Nrf2+/+ males were deeply anesthetized with ketamine and xylazine, perfused with PBS, followed by 4% paraformaldehyde in PBS. Testes were removed and postfixed in 4% paraformaldehyde overnight, cryopreserved in 15% sucrose in PBS, and embedded in OCT for storage at −80°C until cryosectioning. Paraformaldehyde-fixed cryosections (10 μM thickness) were used for in situ detection of DNA fragmentation by the TUNEL method using the In Situ Cell Death Detection Kit POD (Roche Diagnostics, Indianapolis, IN) as previously described [32, 33] . TUNEL positive apoptotic cells were counted in every seminiferous tubule cross-section in two testicular sections per animal by an observer blind to genotype (N=4-6 mice per genotype and age).
Immunohistochemistry
Paraformaldehyde-fixed cryosections from the same mice as for TUNEL were used for immunodetection of oxidative DNA damage with 8-hydroxy-2′-deoxyguanosine (8-OHdG) antibody (1:250 dilution; #4354-MC-050, Trevigen) and lipid peroxidation with 4-hydroxynonenal (4HNE) antibody (1:500 dilution; #ALX-210-767, Alexis Biochemicals) using the MOM Immunodetection Kit (8-OHdG) or the ABC Immunodetection Kit (4HNE) (Vector Laboratories, Burlingame, CA). For 8-OHdG, slides were treated with Proteinase K (10 μg/ml) in PBS for 15 min at 37°C, washed, treated with RNase A (100 μg/ml) in 150 mM NaCl, 15 mM sodium citrate for 1 h at 37°C, washed and treated with 2N HCl for 5 min. After washing in PBS, an Avidin/Biotin blocking step was performed using the Avidin/ Biotin Blocking Kit (Vector Laboratories). Slides were then blocked for 1h using MOM Mouse Ig Blocking Reagent. After washing again, slides were incubated with primary antibody in MOM diluent overnight at 4°C, washed, incubated with biotinylated anti-mouse Ig for 30 min, washed, blocked with 3% hydrogen peroxide in PBS, washed, incubated with Vectastain ABC reagent for 30 min, washed, incubated with diaminobenzidine subtrate in peroxide buffer for 6 min, washed, and counterstained with hematoxylin. For 4HNE, immunostaining was performed similarly, except that the 3% hydrogen peroxide in PBS blocking step was performed first; antigen retrieval was then performed by incubating slides in 10 mM citrate buffer for 10 min at 95°C, followed by Avidin/Biotin blocking, incubation with blocking serum, incubation with primary antibody in 1% goat serum in PBS, and incubation with biotinylated anti-rabbit Ig. Negative controls included slides incubated with non-immune mouse or rabbit IgG in place of primary antibody. Cells with 8-OHdG or 4HNE immunostaining within seminiferous tubules were counted as for TUNEL-positive cells.
Lipid peroxidation assay
Two products of lipid hydroperoxide decomposition, malondialdehyde (MDA) and 4-hydroxyalkenals (HAE), were measured spectrophotometrically using the LPO-586 Kit (OxisResearch), which utilizes the reaction of these compounds dissolved in methanesulfonic acid with a chromogenic agent, N-methyl-2-phenylindole at 45°C. [34] . Young adult, 3 month old male Nrf2−/− mice and wild type littermates were killed by cervical dislocation, and testes and epididymides were homogenized on ice in PBS with 5 mM butylated hydroxytoluene (BHT) to prevent oxidation (4 μl per mg tissue). After centrifugation at 3,000×g for 10 min at 4°C, the supernatants were stored at −80°C for up to one month prior to performing the assay. A standard curve of known concentrations of 1,1,3,3-tetramethoxypropane, which is hydrolyzed to MDA during the incubation at 45°C, was run simultaneously. Absorbance was measured at 586nm using a VersaMax Microplate Tunable Spectrophotometer (Molecular Devices, Sunnyvale, CA) and sample concentrations were extrapolated from the standard curve. Results are expressed as nmol MDA plus HAE per mg tissue or per mg protein.
Glutathione assays
For glutathione assays, testes and epididymides from 8 to 9 week old male mice were homogenized in 20 mM Tris, 1 mM EDTA, 250 mM sucrose, 2 mM L-serine, 20 mM boric acid (TES-SB). After removal of aliquots for protein assay and enzymatic activity assays, supernatants were acidified with one quarter volume 5% sulfosalicylic acid for glutathione assays [35] . Total and oxidized glutathione were measured in testicular and epididymal homogenates using a modification of an enzymatic recycling assay developed by Griffith [35] [36] [37] . For measurement of GSSG, reduced GSH was first removed from the sample by conjugation with 2-vinylpyridine, followed by chloroform extraction. For both GSH and GSSG assays, triplicates of samples or standards were combined with 33 μl metal free water and incubated for 10 min at 30°C. The samples were then mixed with 140 μl of 0.3 mM NADPH, 20 μl of 6 mM DTNB (5,5′-dithiobis(2-nitrobenzoic acid), and 2 μl of 50 units/mL GSH reductase. The rate of thiobis(2-nitrobenzoic acid) (TNB) formation from DTNB is proportional to the total GSH concentration in each sample. TNB formation was monitored by measuring the absorbance at 412 nm for 5 min every 10 sec. The concentrations of total GSH or GSSG in the samples were calculated from a standard curve generated from the slopes of the standards. The concentration of reduced GSH was calculated as [total GSH] − 2× [GSSG] .
Enzymatic activity assays
The cytosolic glutathione peroxidase enzymatic activity in testicular and epididymal homogenates was measured by monitoring the oxidation of NADPH spectrophotometrically with hydrogen peroxide as the substrate for glutathione peroxidase [38] . Samples were incubated for 10 min with an excess of glutathione reductase (0.25 U/ml) and 1 mM GSH in 100 mM potassium phosphate, 1 mM EDTA, 1 mM sodium azide, pH 7.2, for 10 min. NADPH was added to a final concentration of 0.15 mM, and the peroxidase independent oxidation of NADPH was monitored by reading the absorbance at 340 nm every 10s for 3 min. After the addition of 0.15 mM final concentration of hydrogen peroxide, the absorbance was monitored every 10s for 5 min. Negative control wells received buffer without hydrogen peroxide. The assay was carried out at 37°C. The peroxide-independent absorbance slope was subtracted from the peroxide dependent absorbance slope, and the change in NADPH concentration per min was calculated from the difference using the extinction coefficient at 370 nm of 0.00622 μM −1 cm −1 [38] and the pathlength of the solution. This was used to calculate the activity in Units per liter. A unit is the amount of GPX that results in the oxidation of 1 μmol of NADPH in 1 min at a given starting concentration of glutathione. Results were expressed as mU/mg protein or mU/mg tissue.
The glutathione reductase enzymatic activity was measured as the rate of oxidation of NADPH as GSSG is reduced by glutathione reductase [39, 40] . Homogenates were pipetted in triplicate into a 96-well plate. Reaction mix of NADPH in 100 mM potassium phosphate, 1 mM EDTA buffer was then added to each well resulting in a final concentration of 0.153 mM NADPH. The reaction was initiated by the addition of GSSG in potassium phosphate, EDTA buffer to a final concentration of 1mM GSSG. Negative control wells received buffer without GSSG. Absorbance at 340 nm was monitored and the change in NADPH concentration per minute was calculated as for the glutathione peroxidase assay. One unit of glutathione reductase activity is the amount of enzyme that catalyzes the oxidation of 1 μmol of NADPH in 1 min. Results were expressed as mU/mg protein or mU/mg tissue.
The glutathione-S-transferase (GST) enzymatic activity was measured using 1-chloro-2,4-dinitrobenzene (CDNB) as the substrate [41] . Samples were pipetted in triplicate into a 96-well plate with 100 mM sodium phosphate buffer, pH 6.5, and GSH at a final concentration of 1 mM. Negative control wells received buffer and GSH without sample. CDNB was then added to a final concentration of 1 mM and absorbance at 340 nm was monitored every 10 s at 37°C for 3 min. The activity was calculated from the slope of the absorbance versus time curves, the pathlength of the solution, and the extinction coefficient of CDNB (9.6 mM −1 cm −1 ). One unit of GST activity is the amount of enzyme that conjugates 1 μmol of the substrate in one minute. Results were expressed as mU/mg protein or mU/mg tissue.
Quantitative Real-Time Reverse Transcriptase PCR
Total RNA was extracted from testes or epididymides using the Qiagen RNeasy Kit (Qiagen, Valenica, CA) according to the manufacturer's instructions. Fifty nanograms of RNA were reverse-transcribed and subjected to PCR using gene-specific forward (F) and reverse (R) primers (purchased from Invitrogen) and the Qiagen Quantitect SYBR Green RT-PCR reagent (Qiagen, Valenica, CA) in 10 μl reaction volumes in the Roche LightCycler. Standard curves derived from serial dilutions of mouse liver, testis or epididymal RNA were used to determine concentrations of mRNAs normalized to 18s using the Roche LightCycler 4.0 software. Forward (F) and reverse (R) primer sequences (5′ to 3′) for Gclc (F:ATGTGGACACCCGATGCAGTATT; R: TGTCTTGCTTGTAGTCAGGATGGTTT) and Gclm (F: GCCACCAGATTTGACTGCCTTT; R: CAGGGATGCTTTCTTGAAGAGCTT) were previously designed for the amplification of mouse and rat mRNA [35] . Gstm1 (F: AGCACCCTGGCCTTCTGCACT; R:TTCGCAGAAACGGGCTGTGAG), Gstm2 (F: TACACCATGGGGGACGCTCCT, R:TGGCCAACTGTATGCGGGTGT), Gsta3 (F:GAGATCGACGGGATGAAACTGGTG, R:GCGCTTTCAGGAGAGGGAAGTTGT), Gstp (F: TTTGGGGGCTTTATGGGAAAAACCA, R: ACATAGGCAGAGAG-CAGGGGGAAG), and 18s (F:TCGGCGTCCCCCAACTTCTTA, R:GGTAGTAGCGAC-GGGCGGTGT) primers were previously designed for amplification of mouse RNA [42] . Validated sequences for mouse Gstm5 (F: TCATCCAAGTCTATGGTTCTGGG, R: CCACAGATGTACCGTTTCTCCT), Gpx1 (F: AGTCCACCGTGTATGCCTTCT, R: GAGACGCGCGACATTCTCAATGA), Gpx2 (F:GCCTCAAGTATGTCCGACATG, R:GGAGAACGGGTCATCATAAGGG), Gpx3 (F:CCTTTTAAGCAGTATGCAGGCA, R:CAAGCCAAATGGCCCAAGTT), Gpx4 (F: GCCTGGATAAGTACAGGGGTT, R: CATGCAGATCGACTAGCTGAG), Gpx5 (F: TCTAGCCAGCTATGTGCAGAC, R: TCCTTCCCATTAAGAGACAGAGC), Hmox1 (F:AAGCCGAGAATGCTGAGTTCA, R:GCCGTGTAGATATGGTACAAGGA), and Sod2 (F:CAGACCTGCCTTACGACTATGG, R:CTCGGTGGCTTGAGATTGTT) primers were obtained from Primer Bank (http://pga.mgh.harvard.edu/primerbank/).
Statistical Analyses
Analysis of variance (ANOVA) was used to test for differences among groups. The effects of Nrf2 genotype at various ages were analyzed by independent samples t-test. Levene's test was used to test for homogeneity of variances. If variances were not homogeneous nonparametric Kruskal Wallis and Mann Whitney tests were used. Results in tables and figures are expressed as means plus or minus standard error of the mean (SEM).
Results
Male Nrf2−/− mice have decreased fertility
Nrf2 knockout males sired fewer litters and had fewer offspring than wild type or heterozygous males during a 20 week continuous breeding study ( Figure 1A,B) . The interaction effect between genotype and cumulative number of offspring over time was statistically significant (p=0.046, by repeated measures ANOVA; N=6-9/group). The latter is consistent with an age-dependent decline in the fertility of the Nrf2−/− males compared to the wild type or heterozygous males. Numbers of dead pups on the day of birth and neonatal pup weights did not differ by paternal genotype (data not shown).
Male Nrf2−/− mice have age-related seminiferous tubule pathology
Compared to those of Nrf2+/+ males, testes of Nrf2−/− males weighed 44% less at 35 days of age (P=0.050, by t-test), 5% less at 2 months of age (P=0.052), 34% less at 3 months of age (P<0.001), 36% less at 4 months of age (P<0.001), and 41% less at 6 months of age (p<0.001; Table 1 ). Body weights were slightly lower in Nrf2−/− male mice than in their wild type littermates at most ages, but the effect of genotype was not statistically significant. Moreover, adjusting testis weights for body weights did not alter the conclusion that Nrf2−/ − males had smaller testes than wild type littermates (Table 1) . We also did not observe any increased mortality or clinical signs of illness, such as facial edema, tail lesions, or decreased grooming, in Nrf2−/− males followed to up to 7 months of age, in contrast to a previous report in Nrf2−/− mice on a different genetic background [23] .
Histological examination of the testes of 7 month old males showed moderate to severe vacuolization of seminiferous tubules in 5 of 8 knockout male mice and no or mild vacuolization in the 9 wild type controls (Figure 2A-D) . The degenerative changes consisted of severe intracytoplasmic vacuolization, beginning in the seminiferous tubular epithelium more centrally within the tubule and progressing to the periphery, sparing the Sertoli cells. The most severely affected males had numerous seminiferous tubules that completely lacked germ cells, containing only Sertoli cells (Figure 2C,D) . Less affected tubules had spermatid heads near the basement membrane and meiotic stages interspersed with haploid germ cell stages. No histological evidence of inflammation was observed in testicular sections from 35 day old, 4 month old, or 7 month old Nrf2−/− males. Morphometric analysis revealed statistically significantly higher percentages of vacuolated seminiferous tubules per testicular cross-section in Nrf2−/− males than in wild type males (p=0.037, by t-test; Table  2 ). The distribution of males with abnormal seminiferous tubules also differed significantly by genotype, with 5 of 8 Nrf2−/− males and 0 of 9 Nrf2+/+ males having more than 10% vacuolated seminiferous tubules per cross-section (P=0.009, by Fisher's exact test). The percentage of vacuolated seminiferous tubules was negatively correlated with the cumulative number of pups sired in the breeding study (Supplemental Figure S1 ).
Far fewer abnormalities were observed in the testes of 35 day old males (Table 2 and Figure  2E ,F). Only 1 of 7 Nrf2−/− males and 0 of 7 Nrf2+/+ males had greater than 10% vacuolated seminiferous tubules per cross-section at 35 days of age (difference not statistically significant by Fisher's exact test). The mean percentage of seminiferous tubules with rounded germ cells that were losing their intercellular attachments was higher in the 35 day old Nrf2−/− males than in Nrf2+/+ males (8.9±4.6 versus 1.3±0.5), but the effect of genotype was not statistically significant (P=0.15 by t-test).
Concomitant with the testicular abnormalities, decreased epididymal sperm numbers and degenerating rounded cells were observed ( Figure 2G,H) . The epididymal epithelia appeared histologically normal in both wild type and Nrf2−/− males at 35 days and 7 months. Epididymal weights tended to be lower in Nrf2−/− males than in wild type littermates at 4 and 6 months of age ( Table 3 ). The effect of genotype was statistically significant at 4 months of age.
Testicular and epididymal sperm counts decline with age in Nrf2−/− mice Testicular and cauda epididymal sperm counts, and cauda epididymal sperm motility in two month old Nrf2−/− mice did not differ significantly from those of Nrf2+/+ males ( Figure  3A ,B). Consistent with the decreased testicular weights and testicular histology findings in 6 and 7 month old Nrf2−/− male mice, 6 month old Nrf2−/− males had 44% fewer sperm heads per testis on average than wild type mice ( Figure 3A ; P=0.03, t-test). Sperm heads per milligram testis were also slightly lower in Nrf2−/− than wild type males, but the difference was not statistically significant (P=0.39; Figure 3B ). As was noted for the testicular weights and histology, the effect of lack of Nrf2 at 6 months was variable, with some Nrf2−/− males having very low sperm counts and some having counts similar to wild type males. Cauda epididymal sperm numbers were also decreased in those males that had decreased testicular sperm head numbers. There were 65% fewer sperm per cauda and 63% fewer sperm per milligram cauda in Nrf2−/− males compared to wild type males (P=0.006 and P=0.008, respectively; Figure 3C ,D). Cauda epididymal sperm motility was 66% lower in the 6 month old Nrf2−/− males than in wild type males, suggesting that lack of Nrf2 may have direct adverse effects on the epididymis in addition to affecting the testis (P=0.006; Figure 3E ).
Serum testosterone levels do not differ between Nrf2−/− and Nrf2+/+ males
Serum testosterone concentrations were 4.95±2.28 ng/ml at 2 months of age and 1.49±0.75 ng/ml at 6 months in Nrf2+/+ males and 3.84±2.50 ng/ml at 2 months and 1.77±1.03 ng/ml at 6 months in Nrf2−/− males (P>0.05 by t-test at both ages; N=5-8/group). Although testosterone concentrations were lower in the 6 month old males, the effect of age was not statistically significant (P=0.18, effect of age by ANCOVA).
Decreased testicular and epididymal activities and mRNA levels of antioxidant enzymes and GSH concentrations in Nrf2−/− mice
Testicular and epididymal mRNA levels of antioxidant genes were decreased in 2 month old Nrf2−/− males relative to wild type males. Gclc, glutathione transferase a3 (Gsta3), and Gstm1 mRNA levels were significantly lower in Nrf2−/− testes compared to wild type testes (Table 4) . Gclc, Gclm, Gstm1, Gstm2, and Sod2 mRNA levels were significantly lower in Nrf2−/− epididymides compared to wild type epididymides (Table 4) . Hemeoxygenase 1 (Hmox1) mRNA levels were 36% lower in Nrf2−/− than in wild type testes and 33% lower in Nrf2−/− than in wild type epididymides, but the effects of genotype were not statistically significant (P=0.085 and P=0.183, respectively, by t-test). Gstp, Gstm5, Gpx1, Gpx2, Gpx3, Gpx4 and Gpx5 mRNA levels were unaffected by Nrf2 genotype.
Total GSH and GSSG concentrations did not differ significantly between testes of Nrf2−/− mice and those of their wild type littermates (Table 5) . Total GSH concentrations in epididymides of Nrf2−/− males were 34% lower when expressed per mg protein and 35% lower when expressed per mg tissue than in wild type males (P=0.005 and P=0.02, respectively, Table 5 ). Epididymal GSSG levels did not differ significantly by genotype.
The enzymatic activity of glutathione reductase was 31% lower in epididymides of Nrf2−/− males than in Nrf2+/+ males when expressed in terms of mU per milligram of tissue (P<0.01; Table 5 ). Similarly, the enzymatic activity of glutathione peroxidase was 16% lower in epididymides of Nrf2−/− males than in Nrf2+/+ males when expressed in terms of mU per milligram of tissue (P<0.05; Table 5 ). The activity of glutathione peroxidase also tended to be lower in testes of Nrf2−/− males, but the effect of genotype did not reach statistical significance (P=0.06). The GST enzymatic activity, in contrast, was 24% lower when expressed as mU per milligram tissue and 14% lower when expressed as mU per milligram protein in Nrf2−/− testes than in Nrf2+/+ testes (P=0.001 when expressed per mg tissue, Table 5 ). The epididymal GST activity was 8% lower when expressed as mU per milligram tissue in Nrf2−/− males than in Nrf2+/+ males (P=0.04, Table 5 ).
Testicular and epididymal oxidative stress in Nrf2−/− males
To test whether the spermatogenic defects observed in Nrf2−/− males are associated with oxidative stress, we measured levels of lipid hydroperoxides (malondialdehyde, MDA, and 4-hydroyalkenals, HAE) in testicular and epididymal homogenates collected from 3 month old Nrf2−/− male mice and wild type littermates. Three months corresponded to the youngest post-pubertal age at which significant differences in testes weights were observed (Table 1) . MDA and HAE levels were about 23% higher in Nrf2−/− testes than in wild type testes when expressed per mg protein (P=0.006 by t-test; Table 6 ). Levels of MDA and HAE were more than 2-fold higher in epididymides than in testes in both Nrf2−/− and Nrf2+/+ males. More importantly, Nrf2−/− males had statistically significantly higher epididymal MDA and HAE levels than their wild type littermates (59% higher in Nrf2−/− when expressed per mg protein, P=0.001; Table 6 ). Immunostaining using an antibody directed against 4-hydroxynonenal revealed a trend towards increased germ cell staining in the seminiferous tubules of Nrf2−/− mice compared to Nrf2+/+ mice at 4 months of age (P=0.076), but not at 2 months of age (Supplemental Figure S2 ). 4-HNE positive interstitial cells were frequently observed in testes from mice of both genotypes (Supplemental Figure  S2 ).
We used 8-OHdG immunostaining to examine testicular DNA oxidation in 2 and 4 month old males. At both ages, testicular 8-OHdG immunostaining did not differ between wild type and Nrf2−/− males. An average of 8.5±0.5% and 6.0±1.0% of the seminiferous tubules had any 8-OHdG positive cells in wild type testes at 2 and 4 months of age, respectively, and 7.0±1.1% and 7.0±1.3% of the tubules had 8-OHdG positive cells in 2 and 4 month old Nrf2−/− testes. The average number of 8-OHdG positive cells per seminiferous tubule cross-section also did not differ by genotype (0.21±0.02 and 0.13±0.03 in wild type versus 0.32±0.14 and 0.18±0.05 in Nrf2−/− at 2 and 4 months of age, respectively).
Knockout of Nrf2 increases testicular apoptosis
Apoptotic cells were rarely observed in the testes of 2 or 4 month old Nrf2+/+ males or in testes of 2 month old Nrf2−/− males (Figure 4) . However, by 4 months of age, the number of apoptotic germ cells per seminiferous tubule cross-section was 1.7-fold greater, the fraction of tubule cross-sections with any apoptotic germ cells was 1.4-fold greater, and the fraction of tubule cross-sections with greater than 3 apoptotic germ cells was 2.3-fold greater in Nrf2−/− males than in their wild type littermates (P=0.027, P=0.044, P=0.018 by Mann Whitney test, respectively). In tubules that appeared to be in the early stages of degeneration, germ cells near the basement membrane were most often TUNEL positive in testes of both genotypes (Supplemental Figure S3) . In tubules that appeared to be in the later stages of degeneration, in which there were few remaining germ cells, TUNEL positive spermatids were also noted.
Effects of vitamin E supplementation on spermatogenesis in Nrf2 knockout males
Nrf2−/− and Nrf2+/+ male mice were fed diets containing either the minimum daily requirement for vitamin E (as DL-alpha tocopherol acetate) of 32 mg/kg diet (low) or 320 mg/kg diet (high) from the age of 21 days until 4 months. Weight gain and amount of feed consumed did not differ by genotype or diet (data not shown). Total testicular sperm head counts were 51% lower in Nrf2−/− males on the low vitamin E diet than in wild type controls ( Figure 5A ). The high vitamin E diet did not increase testicular sperm head numbers in Nrf2−/− males. There were no significant effects of diet or genotype on sperm heads per mg testis ( Figure 5B ). Both sperm per epididymis and sperm per mg epididymis increased slightly in Nrf2−/− males on the high vitamin E diet compared to Nrf2−/− males on the low vitamin E diet; however, the effects of diet were not statistically significant (P=0.566 and P=0.526, respectively) ( Figure 5C,D) . For mice fed the low vitamin E diet, the effects of genotype on sperm per epididymis and sperm per mg epididymis were statistically significant (P<0.001 and P=0.008 by t-test); however, the effects of genotype were not statistically significant for mice fed the high vitamin E diet (P=0.051 and P=0.114).
This experiment provided additional data on the timing of the onset of the declines in sperm counts in the Nrf2−/− males. The 4 month old Nrf2−/− males had significantly fewer sperm heads per testis, sperm per epididymis, and sperm per milligram epididymis than Nrf2+/+ males (P<0.001, P<0.001, P=0.004, respectively, effects of genotype by 2-way ANOVA; Figure 5A ,C,D). However, the effects on sperm counts were not as pronounced as at 6 months of age (compare with Figure 3) . Interestingly, the effect of lack of Nrf2 on cauda epididymal sperm motility was not yet apparent at 4 months of age ( Figure 5E ).
There was no effect of either Nrf2 genotype or vitamin E supplementation on epididymal sperm morphology (Supplemental Table S1 ).
Effects of lack of Nrf2 on autoimmunity
Nrf2−/− mice on a 129SvJ genetic background were previously reported to develop autoimmunity, as indicated by increased titers of antibodies against dsDNA and glomerulonephritis [23] . To investigate whether our mice on a C57BL/6NCrl genetic background had evidence of autoimmunity, we measured dsDNA antibodies and evaluated renal histology in males from the vitamin E supplementation study. Four of 12 Nrf2−/− males (two each in the high and low vitamin E diet groups) evaluated had elevated dsDNA antibodies compared to 0 of 10 wild type controls ( Figure 6 ). However, there was no significant correlation between dsDNA antibody level and testicular weight (r=−0.040, P=0.903), testicular sperm count (r=0.091, P=0.778), or epididymal sperm count (r=−0.134, P=0.677) in the knockout males. Kidney weights were not affected by Nrf2 genotype or diet (data not shown). Glomerulonephritis was not detected in Nrf2−/− males (N=13, including the 4 males with elevated dsDNA levels) or wild type controls (N=8). The only abnormality noted was focal, minimal tubular mineralization in one of the knockout males.
Discussion
Increased levels of reactive oxygen species and oxidative stress in sperm are thought to play a causal role in male infertility [5, 6] . The transcription factor NRF2 regulates the expression of genes encoding enzymes that are important for detoxification of ROS [15] [16] [17] [18] [19] . Polymorphisms in the promoter of the Nrf2 gene exist in humans, but their effects on male reproductive function have not been investigated [43] . This study is the first to show a role for NRF2 in male fertility. Male Nrf2−/− mice had age-related declines in testicular weights and testicular and epididymal sperm counts and increased seminiferous tubule vacuolization compared to wild type littermates between two and seven months of age. Prior to observable differences in sperm counts or testis weights, Nrf2−/− males had lower testicular and/or epididymal levels of GSH and of antioxidant gene expression and enzymatic activities than Nrf2+/+ males. Elevated levels of testicular lipid hydroperoxides and increased numbers of apoptotic germ cells were observed concomitant with the earliest significant decreases in testicular weights, at 3 to 4 months of age. These findings provide evidence that decreased testicular antioxidant capacity led to increased testicular oxidative stress, which caused germ cell apoptosis, decreased sperm production, and ultimately decreased fertility in Nrf2−/− males.
There were minimal histological abnormalities noted in Nrf2−/− testes at 35 days of age, and there were no genotype-related differences in testicular or epididymal sperm counts or testis weights at 2 months of age. However, the testes of Nrf2−/− males underwent a process of degeneration that worsened with age, as demonstrated by the declining testicular weights with increasing age from 2 to 7 months and the statistically significantly decreased sperm counts at 4 and 6 months of age. The worsening with age of the testicular defects observed in Nrf2−/− mice are reminiscent of the worsening of hemolytic anemia between 6 and 14 months of age reported by Lee and coworkers [22] . This group reported that Nrf2−/− mice have a regenerative, immune-mediated hemolytic anemia that is mild at 6 months of age and more severe at 14 months of age [22] .
Our data provide evidence that the age-related decline in testicular spermatogenesis in Nrf2−/− male mice is caused by chronic oxidative stress and the accumulation of oxidative damage to the seminiferous tubules over time due to inadequate testicular antioxidant activities. Testes of young Nrf2−/− males had significantly increased levels of testicular lipid peroxidation compared to wild type males, consistent with oxidative stress. Testicular expression of Gstm1 and Gsta3 was significantly decreased in Nrf2−/− males, as was testicular GST enzymatic activity. Although the role of GSTs in Phase 2 detoxification of xenobiotics is most well-known, many GSTs also exhibit peroxidase activity and this peroxidase activity appears to be particularly critical in the testis [44] . Inhibition of GST activity in cultured rat germ cells increased their sensitivity to hydrogen peroxide-induced apoptosis and lipid peroxidation [44] . Oxidative stress has also been implicated in the pathophysiology of hemolytic anemia [22] and of autoimmune glomerulonephritis [23] in Nrf2−/− mice. A recent study by Lu and coworkers revealed a similar testicular phenotype in mice with a mutation in the inner mitochondrial membrane peptidase 2-like gene (Immp2l) [45] . The Immp2l mutant mice had increased testicular and spermatozoal superoxide generation. Although they had normal testicular histology and sperm production at 2 to 3 months of age, by 7 months they had vacuolated seminiferous tubules and reduced germ cell numbers [45] . These findings are very similar to our findings in the Nrf2−/− males. Peroxiredoxin 4 knockout mice also displayed increased testicular oxidative damage and concurrent increase in TUNEL positive cells in seminiferous tubules compared to wild type mice at 8 weeks of age [46] . Together our findings in the present study and these other studies suggest that testicular spermatogenesis is highly susceptible to disruption by chronic oxidative stress, whether it is due to decreased antioxidant capacity in the case of Nrf2 or Peroxiredoxin 4 knockouts or increased generation of ROS in the case of Immp2l mutants. Others have reported similar histological changes, including seminiferous tubule vacuolization and Sertoli cell only tubules, in the testes of very aged males [47, 48] . Oxidative stress is thought to play a role in the age-related decline in function of many organs, including the testis [7, 49] . We speculate that the testicular phenotype of the Nrf2 knockout males may represent an acceleration, due to chronically increased oxidative stress, of processes that occur during normal testicular aging.
The inability of a moderately high vitamin E-supplemented diet to prevent the age-related spermatogenic deficits in the present study does not rule out oxidative stress as the cause of the deficits for several reasons. First, it is possible that the dose of vitamin E may not have been sufficiently high. Second, multiple antioxidant supplements may be required since lack of Nrf2 affects expression of multiple antioxidant enzymes, which act by different mechanisms. It has been suggested that supplementation with antioxidant mixtures, containing compounds with different mechanisms of action and different cellular targets, may be more efficacious than supplementation with single antioxidants at preventing agerelated changes. Lemon and coworkers showed that a complex anti-aging supplement containing 31 components, including many antioxidants, prevented age-related cognitive decline and extended longevity in a transgenic mouse model of accelerated aging [50, 51] . Finally, it is possible that supplementation with antioxidants must begin earlier in life than 21 days to prevent the age-related decline in spermatogenesis in Nrf2−/− males.
The lack of an effect of Nrf2 genotype on serum testosterone concentrations combined with severe histological abnormalities of seminiferous tubules suggests that Sertoli cells or germ cells and not Leydig cells are the targets of oxidative damage in the testes of Nrf2−/− males. There have been a few previous studies that showed that treatment in vivo with pharmacological agents that induce oxidative stress in the testis disrupt testicular spermatogenesis. Kumar and Muralidhara reported that male rats treated chronically with organic hydroperoxides had increased testicular ROS, lipid peroxidation, and DNA damage and decreased epididymal sperm counts compared to controls [52] . Similar effects were observed in male mice treated with tert-butyl hydroperoxide [53] . Cattan et al showed that depletion of the antioxidant GSH in male mice by treatment with buthionine sulfoximine resulted in increased testicular oxidative stress, as indicated by increased protein carbonyls, and shortened testicular telomere length [54] .
In addition to the clearly adverse effect of lack of NRF2 on the seminiferous tubules, our studies also provide evidence that lack of NRF2 has detrimental effects during the epididymal phase of spermatogenesis. During the epididymal phase, sperm become capable of motility on release into physiological media. We found an age-related decline in epididymal sperm motility in Nrf2−/− males, but not in wild type males, consistent with an adverse effect in the epididymis. The observation that the rate of the age-related decline in sperm motility was slower than the rates of decline in sperm counts (sperm counts were significantly decreased by 4 months of age, but motility was not significantly decreased until 6 months) also argues for an independent effect of Nrf2 knockout on the epididymis. Epididymides of Nrf2−/− males had increased lipid peroxidation and decreased expression of several GSTs, Sod2, and the subunits of the rate-limiting enzyme in GSH synthesis (Gclc and Gclm), decreased enzymatic activities of GR, GPX, and GST, and decreased concentrations of GSH compared to Nrf2+/+ males. Previous studies have shown that spermatozoa are susceptible to oxidative damage due to their high polyunsaturated fatty acid content [55] . Consistent with our finding of decreased sperm motility in Nrf2−/− male mice, treatment of male mice with tert-butyl hydroperoxide decreased epididymal sperm motility [53] . Oxidative stress has also been implicated in decreased sperm motility in men. About 10% of infertile men had greatly decreased sperm Gpx4 expression compared to normal men, and these men also had decreased sperm motility that declined more quickly over time after ejaculation [56] . Recent work by Eddy and coworkers has shown that activation of spermatogenic cell-specific Type 1 hexokinase (HK1S) is necessary for the acquisition of motility and that HK1S activation requires cleavage of HK1S dimers to active monomers by cleavage of disulfide bonds [57] . In their study thioredoxin-1 was able to reduce HK1S to the monomeric form in vitro.
The effect of lack of Nrf2 on the expression of antioxidant genes is tissue-and genedependent. Decreased or no differences in basal expression of Gsta3, Gstm1, Gstm5, Gstp, Gclc, and Gclm have been reported in Nrf2−/− mice compared to wild type mice, depending on the tissue examined [15, 18, 19] . The present results add to this body of knowledge by reporting on the effects of lack of Nrf2 on the basal expression of these genes in testis and epididymis for the first time. The effects of Nrf2 knockout on enzymatic activities have been less frequently reported than effects on transcription. Basal GR and GST activities were significantly lower and basal GPX activity was non-significantly lower in Nrf2−/− compared to wild type cardiac fibroblasts [58] . Basal GST activity was also significantly lower in Nrf2−/− than wild type forestomach and liver [19] . In contrast, basal GST activity did not differ by Nrf2 genotype in small intestine [18] . The modest genotype-related differences in GPX enzymatic activity in the absence of differences in gene expression in the present study could be due to the effects of increased ROS caused by lack of NRF2 on GPX enzymatic activity. For example, hydrogen peroxide was reported to directly inhibit GPX-1 enzymatic activity in red blood cells [59] .
We examined various endpoints that were previously reported to be adversely affected by lack of Nrf2−/− on a different genetic background (129SvJ versus C57BL/6NCrl in our study) [23] . We never observed any clinical signs of illness or mortality in our male Nrf2−/− mice up to 7 months of age, and there was no histological evidence of glomerulonephritis in Nrf2−/− males at 4 months of age. There are likely two reasons for these differences. First, Ma et al reported that clinical signs and mortality occurred to a much greater extent in Nrf2−/− females than in males [23] . For example, at 40 weeks only about 45% of the Nrf2−/ − females were surviving, compared to about 75% of the Nrf2−/− males and 100% of wild type mice of both sexes [23] . Evidence of immunological disease, such as glomerulonephritis was also much more prevalent in females and occurred in females at younger ages than in males [23] . The second likely reason for the differences between our study and that of Ma and coworkers is the different genetic backgrounds. Genetic background has been shown to dramatically modulate the effects of deletion of other genes. For example, the effects of Dax knockout on gonadal differentiation are much more pronounced on a C57BL/6J background than on a 129/SvlmJ background [60] . The effects of lack of Sod2 also vary with background strain, with embryonic lethality occurring on a C57BL/6J background compared to survival to postnatal day 8 on a DBA/2J background [61] . Although 4 of 12 Nrf2−/− males evaluated had elevated ds-DNA antibodies compared to 0 of 10 wild type controls, there was no correlation between dsDNA antibody level and testicular weight, testicular sperm count, or epididymal sperm count in the knockout males, and there was no histological evidence of testicular inflammation in knockout males of various ages. Based on all of the above observations, we conclude that it is unlikely that autoimmune disease was the cause of the decline in spermatogenesis observed in our study.
In conclusion, our results show that lack of the transcription factor NRF2 results in profound age-related disruption of spermatogenesis. Vacuolization of seminiferous tubules, decreased testicular weights, decreased testicular and epididymal sperm counts, and decreased sperm motility were not observed in young adult Nrf2−/− males, but became pronounced with increasing age. Our results provide evidence that decreased testicular and epididymal antioxidant capacity in Nrf2−/− males result in oxidative damage to seminiferous tubules and epididymal sperm. Based on these results, the association of polymorphisms in Nrf2 with poor sperm quality and infertility in men should be investigated. Nrf2−/− males have lower testicular sperm head counts and cauda epididymal sperm counts and sperm motility than wild type males at 6 months, but not at 2 months of age. A) Mean + SEM testicular sperm heads × 10 6 per testis. *significantly different from wild type by t-test, P=0.03. B) Mean + SEM testicular sperm heads × 10 5 per mg testis. N = 5 to 11 per genotype at each age. C) Mean + SEM epididymal sperm × 10 6 per cauda epididymis. D) Mean + SEM epididymal sperm × 10 5 per mg cauda epididymis. E) Mean + SEM percent motile cauda epididymal sperm. For C-E, * significantly different from wild type by t-test, P<0.009. N = 5 to 11 per genotype at each age. Effects of low and high vitamin E supplemented diets on testicular and epididymal sperm parameters in Nrf2−/− mice. Nrf2−/− and Nrf2+/+ male mice were fed diets supplemented with the minimum daily requirement of vitamin E (32 mg/kg diet) or 320 mg/kg diet from the age of 21 days to 4 months, when sperm parameters were measured. A) Mean + SEM sperm heads × 10 6 per testis. The effect of genotype was statistically significant by 2-way ANOVA (P<0.001). *significantly different from wild type on same diet by t-test, P<0.003). B) Mean + SEM sperm heads × 10 5 per mg testis. No statistically significant differences by 2-way ANOVA. C) Mean + SEM sperm × 10 6 per cauda epididymis. The effect of genotype was statistically significant by 2-way ANOVA (P<0.001). *significantly different from wild Serum anti-dsDNA titers. Blood was collected by cardiac puncture from mice in the vitamin E supplementation study described in Figure 5 , and serum dsDNA antibodies were measured using a mouse ELISA Kit. The x-axis labels indicate high or low vitamin E diet and Nrf2+/ + (WT) or Nrf2−/− (KO) genotype. Dark symbols indicate the values for individual mice in each group. Open symbols and error bars indicate the mean and standard error of the values in that group. The effects of genotype and diet were not statistically significant by Mann Whitney test. N=4-6/group.
